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Abstract 29 
 30 
1.   Changes in agricultural practice across Europe and North America have been associated with range 31 
contractions and a decline in the abundance of wild bees. Concerns at these declines has led to the 32 
development of flower-rich agri-environment schemes as a way to enhance bee diversity and abundance. 33 
Whilst the effect of these schemes on bumblebee species (Bombus spp.) has been well studied, their impact 34 
on the wider bee community is poorly understood.  35 
2.   We used direct observations of foraging bees and pollen load analysis to quantify the relative contribution 36 
that sown flowers (i.e. those included in agri-environment scheme seed mixes) make to the pollen diets of wild 37 
solitary bees on Higher Level Stewardship farms (HLS) implementing pollinator-focused schemes and on Entry 38 
Level Stewardship farms (ELS) without such schemes in southern England, UK.  39 
3.   HLS management significantly increased floral abundance, and as the abundance of sown flowers increased 40 
these sown plants were utilised for pollen by a greater proportion of the solitary bee species present. 41 
However, the overall proportion of pollen collected from sown plants was low for both direct observations 42 
(27.0%) and pollen load analysis (23.3%).  43 
4.   At most only 25 of the 72 observed species of solitary bee (34.7%) were recorded utilising sown plants to a 44 
meaningful degree. The majority of solitary bee species did not collect pollen from flower species sown for 45 
pollinators.  46 
5.   Total bee species richness was significantly associated with plant species richness, but there was no 47 
difference in the total species richness of either bee or flowering plant species between HLS and ELS farms.  48 
6.   Synthesis and applications. These results show that the majority of solitary bee species present on 49 
farmland in the south-east of England collect the majority of their pollen from plants that persist unaided in 50 
the wider environment, not from those included in agri-environment schemes focused on pollinators. If 51 
diverse bee communities are to be maintained on farmland, existing schemes should contain an increased 52 
number of flowering plant species and additional schemes that increase the diversity of flowering plants in 53 
complementary habitats should be studied and trialled.  54 
 55 
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Introduction 58 
 59 
Wild bees, in common with many other taxa, have experienced declines in richness and abundance across 60 
Europe and North America (Biesmeijer et al. 2006; Williams and Osborne 2009; Bartomeus et al. 2013; 61 
Goulson et al. 2015). This is of concern as pollinating insects, of which bees are the dominant group, provide a 62 
highly valuable pollination service to both crops and wild plants (Ollerton et al. 2011; Garibaldi et al. 2013). 63 
With the demand for increased agricultural yields growing across the world, potential pollination deficits have 64 
increased the pressure to develop effective management techniques to conserve and maintain bee 65 
populations on agricultural land.  66 
 67 
There is an increasing consensus behind the idea that food resources are the most important limiting factor for 68 
bee populations on farmland (Roulston and Goodell 2011), and that loss of flowering resources resulting from 69 
agricultural intensification is the major cause behind the declines in bee populations seen in the 20th century 70 
(Carvalheiro et al. 2013; Ollerton 2014; Scheper et al. 2014). Moreover, a reduction in the diversity of pollen 71 
sources can have negative impacts on bee fitness through reduced development and immunocompetence 72 
(Alaux et al. 2010). As a result, the creation of flower-rich habitat through agri-environment schemes has been 73 
advocated and trialled as the primary means of conserving and enhancing bee abundance and diversity on 74 
farmland (Carvell et al. 2007; Winfree 2010). In the United Kingdom, much of the early work on agri-75 
environment schemes focused on bumblebees (Bombus spp.), due in part to their particularly pronounced 76 
declines in agricultural areas (Goulson et al. 2005). Schemes were consequently designed with the foraging 77 
requirements of bumblebees in mind, specifically including a large Fabaceae component comprised of plants 78 
such as Trifolium pratense, T. hybridum and Lotus corniculatus  (Edwards 2003; Carvell et al. 2007). Research 79 
has shown that these sown resources are attractive to a wide variety of common and threatened bumblebees 80 
(Carvell et al. 2006; Carvell et al. 2007), and that when present in sufficient quantities they can significantly 81 
increase the population size of common bumblebee species (Wood et al. 2015a). However, much less work has 82 
been carried out on the impact of agri-environment schemes on the wider bee community. 83 
 84 
In temperate areas such as Britain bumblebees make up only a small part of the overall bee community, 85 
representing around 10% of the total species list (25 out of c. 250 species), and in the larger continental faunas 86 
of Europe and North America they represent an even smaller proportion. The wider bee community consists of 87 
predominantly solitary species (and their associated kleptoparasites) that collect pollen to provision their own 88 
offspring. The fauna contains a number of species within the Halictidae that show variably developed and 89 
expressed eusocial behaviour (Plateaux-Quénu 2008). Whilst not technically correct, the terŵ ͚solitarǇ ďees͛ is 90 
generally used as an all-encompassing term to include the eusocial species of the Halictidae with all non-91 
parasitic, non-corbiculate (non-Apis and non-Bombus) bees found in temperate regions, with this synthetic 92 
group the focus of this study.  93 
 94 
In order to assess the benefit of an agri-environment scheme, field trials have often compared target areas 95 
with control areas and have recorded an increase in bee species richness and abundance (e.g. Knop et al. 96 
2006 ; Kohler et al. 2007; Pywell et al. 2011) or an increase in important behaviours, such as bumblebee queen 97 
nest site searching (Lye et al. 2009). Ideally, measures should be assessed by comparing bee trends on sown 98 
flower strips before and after implementation of the schemes (Kleijn et al. 2006), with such studies finding a 99 
positive impact on bee species richness and abundance (Holland et al. 2015; Scheper et al. 2015). However, 100 
whilst these studies show that enhanced areas provide resources for a greater variety of bee species than 101 
before, it is not clear that the overall bee community has become richer as a result of the intervention, as 102 
some bees that were already present in the landscape may simply have been attracted to enhanced areas. 103 
Moreover, the relative contribution of pollen from sown plants to the diet of different solitary bee species is 104 
poorly known, and whilst they may be attracted to sown flowers these resources may not make up a 105 
significant proportion of their overall diet. Data on Bombus species, other than presence, was not collected 106 
due to the extensive previous work conducted on this group on farmland and their response to agri-107 
environment schemes (Carvell et al. 2006; Carvell et al. 2007).  108 
 109 
In this study we conducted extensive surveys across a range of farms in southern England and quantified the 110 
pollen diets of wild solitary bees using direct observations and pollen load analysis to address the following 111 
objectives. (i) To compare the contribution that plants sown as part of agri-environment schemes make to the 112 
pollen diet of solitary bees relative to that provided by wild plants. We predict that as sown resources increase 113 
in relative abundance they will increase in relative utilisation by solitary bees. (ii) To quantify the proportion of 114 
solitary bee species using sown resources. We predict that as sown resources increase in relative abundance, 115 
they will be utilised by a relatively greater proportion of solitary bee species. (iii) To identify solitary bee 116 
species most likely to be benefiting from currently sown resources. (iv) To identify potential temporal resource 117 
gaps in current agri-environment scheme design, or key wild flowering plant species not currently included in 118 
seed mixes. This study will provide valuable information to scientists, governments and land managers in 119 
designing more effective measures to conserve the broader wild bee community on agricultural land. 120 
 121 
Methods 122 
 123 
Study area 124 
 125 
Ten HLS and nine ELS farms were selected in Hampshire and West Sussex, UK. The selected HLS farms had 126 
been implementing an average of 5.56±0.13 ha of pollinator-focused flower-rich schemes representing 127 
2.17±0.05% of the farm area by ownership for a minimum of three years. As 70% of farms in England were at 128 
the time in some form of environmental stewardship (Elliot et al. 2010), ELS farms were chosen as the control 129 
group for this study. Flower-rich schemes were available under ELS, but these schemes had a low uptake so 130 
only basic ELS farms without such management were selected for this comparison. Pollinator-focused flower-131 
rich schemes were typically established with a seed mix containing c.15-30 flowering forb species (Carvell et al. 132 
2007; Pywell et al. 2011). Additional plant species such as Hypochaeris radicata and Trifolium repens are 133 
sometimes included in experimental mixes (i.e. Scheper et al. 2015), but this did not represent the situation in 134 
our study area and so these species were not characterised as sown. Whilst there were no such flower-rich 135 
areas on ELS farms, most of the species included in these seed mixes can be found growing in a wild state on 136 
these farms. Consequently, in order to allow a comparison of pollen choice preferences and relative rates of 137 
utilisation across farm types, plant species included in pollinator-friendly agri-environment schemes were 138 
ĐharaĐterised as ͚soǁŶ͛ eǀeŶ ǁheŶ fouŶd groǁiŶg ǁild as part of the ǁider plaŶt ĐoŵŵuŶitǇ. For a full list of 139 
the plant species characterised as being sown as part of pollinator-focused management see Appendix S1 in 140 
Supporting Information. Farms were predominantly arable, or mixed arable/dairy with wheat, barley, oilseed 141 
rape and permanent/silage grassland as the major crops.  142 
 143 
Bee and floristic surveys 144 
 145 
In 2013 and 2014, a standardised 3 km transect was designed for each farm, passing through all major habitat 146 
types present. For HLS farms this included pollinator-focused flower-rich schemes (HE10 floristically enhanced 147 
grass margins, HK7 species-rich grassland restoration, HF4 pollen and nectar mixes), non-agricultural grass 148 
margins and hedgerow and woodland edge habitats. For ELS farms only non-agricultural grass margins and 149 
hedgerow and woodland edge habitats were surveyed, as no pollinator-focused schemes were present. Crops 150 
and areas of agricultural grassland were not surveyed. Each transect was subdivided into discrete sections, 151 
with each section covering a distinct habitat type. Transects on HLS farms were designed to survey as many 152 
pollinator-focused schemes as possible whilst remaining contiguous and passed through an average of 1496 ± 153 
148m of flower-rich habitat in an average of 3.77 ± 0.24 discrete habitat patches per farm.  154 
 155 
Bee activity was recorded along the transect following standard bee walk methodology (Carvell et al. 2007), 156 
with all bees within 2 m of the recorder identified to species level. Individuals that could not be identified in 157 
the field were netted for later identification. The first flowering plant species visited and the purpose of the 158 
visit, for either pollen or nectar, was recorded. Hylaeus species, which lack scopal hairs on their body, instead 159 
ingesting pollen and regurgitating it in the nest, cannot reliably be determined to be foraging for pollen and so 160 
all plant visits were recorded simply as visits. On each transect, the number of species of flowering plants and 161 
the number of flowering units of each plant species within 2 m of the recorder was estimated within each 162 
discrete transect section. Grasses, sedges and rushes were not recorded as these plant species are not 163 
attractive to bees in the study region. This assessment followed Carvell et al. (2007) with one flower cluster 164 
(e.g. an umbel, a head, a capitulum) counted as a single unit. Sixteen farms (eight HLS, eight ELS) were 165 
surveyed in 2013. Transects were walked three times through the season, between 25th May–5th June, 26th 166 
June–15th July and 3rd–11th August. Seventeen farms (eight HLS, nine ELS) were surveyed in in 2014. 167 
Transects were walked three times through the season, between 17th– 27th May, 21st June–9th July and 3rd–168 
15th August. These disĐrete saŵpliŶg ďloĐks are heŶĐeforth referred to as ͚saŵpliŶg rouŶds͛.  169 
 170 
In 2015 farms were surveyed for a fixed period of time rather than using distance based transects. ELS farms 171 
were surveyed for 3 hrs with 1.5 hrs spent on non-agricultural grass habitats and 1.5 hrs on woody 172 
hedgerow/woodland edge habitats. HLS farms were surveyed for 3 hrs with 1 hr on pollinator-focused flower-173 
rich schemes, 1 hr on non-agricultural grass habitats and 1 hr on woody hedgerow/woodland edge habitats. 174 
The survey followed standard bee walk methodology as described above, but at a reduced pace to ensure 175 
thorough sampling. All bees within 2 m of the recorder were identified to species level. The first flowering 176 
plant species visited and the purpose of the visit, for either pollen or nectar, was recorded. Solitary bees with 177 
clearly visible pollen on their body were collected, placed in individual Eppendorf tubes and frozen. The 178 
collection of pollen loads from foraging bees may overestimate pollen use of more easily observable flowers. 179 
Ideally, pollen would be sampled from bees as they return to their nest, but this method was not chosen for 180 
this study as is often time consuming and may lead to low sample sizes for species with difficult to locate 181 
nests. All flowering plant species present on the transects were recorded, but their abundance was not 182 
quantified. Pollen samples from insect visited flowering plant species present were collected to form a pollen 183 
reference library. Pollen reference slides were prepared by transferring pollen-laden anthers to a drop of 184 
water on a microscope slide. The slide was gently heated to allow grains to absorb water and achieve their 185 
maximum size and to evaporate excess water. The remains of the anthers were removed, molten glycerine 186 
jelly stained with fuchsin was added and the slide was sealed with a coverslip. For a full list of sampled 187 
flowering plant species see Appendix S2. Fourteen farms (7 HLS, 7 ELS) were surveyed in 2015. Transects were 188 
walked four times throughout the season, between 22 April– 13th May, 26th May– 17th June, 25th June– 4th July 189 
and 29th July– 10th August. All bee surveys were conducted between 0930 and 1700 hrs when the temperature 190 
was above 13 oC with at least 60% clear sky, or above 17 oC with any level of cloud. No surveys were conducted 191 
when it was raining. All bee and floristic surveys were conducted by the same individual (TJW) to minimise 192 
recorder bias. 193 
 194 
Pollen identification 195 
 196 
The scopal pollen load of foraging solitary bees collected in 2015 was analysed by light microscopy using the 197 
method outlined by Westrich and Schmidt (1986). Before removing pollen from the scopae, the total load was 198 
estimated relative to a full load for that species, ranging from 8/8 (full load) to 1/8 (one eighth load). The 199 
pollen grains were removed from the scopae using an entomological pin and transferred to a drop of water on 200 
a microscope slide. Pollen that was not clearly held in the scopae was not sampled as this may have become 201 
attached to other parts of the body during nectar visits to non-host plant flowers. The slide was gently heated 202 
to allow grains to absorb water and achieve their maximum size and to evaporate excess water. Molten 203 
glycerine jelly stained with fuchsin was then added and the slide was sealed with a coverslip. The proportion of 204 
the load comprised of different plant species was estimated along three randomly selected lines across the 205 
cover slip at a magnification of x400. The proportion of the load by volume was estimated by the relative area 206 
of the slide occupied by each plant species, rather than the absolute number of grains, in order to better 207 
reflect the total volume of pollen collected, an important correction in mixed loads where pollen grains of 208 
different plant species often differ widely in size (Cane and Sipes, 2006). Species representing less than 1% of 209 
the load were excluded from further analysis as their presence may have arisen from contamination (Westrich 210 
and Schmidt 1986).  211 
 212 
The proportions of pollen collected were corrected according to the overall size of each load to give a final 213 
weight, e.g. a full load (8/8) comprised of 50% Centaurea nigra and 50% Leucanthemum vulgare would receive 214 
a final C. nigra weight of 50 and a final L. vulgare weight of 50, whereas a quarter load (2/8) comprised of 215 
100% Hypochaeris radicata would receive a final H. radicata weight of 25. The pollen grains were identified to 216 
species using Sawyer (1981) and the reference collection assembled during the project. The majority of 217 
samples were identified to species level, but where this was not possible pollen was identified to genus, for 218 
example in Brassica, Plantago and Geranium. For a full list of taxa and the level of identification, to either 219 
species or genus, see Appendix S3.  220 
 221 
Statistical analysis 222 
 223 
Generalised Linear Mixed-Effect Models (GLMMs) were used to test for the impact of management type on 224 
bee and plant species abundance and diversity and the impact of plant species richness on bee species 225 
diversity and diet breadth. Models were fit using the maximum likelihood (Laplace Approximation) method. All 226 
data analyses were conducted in R version 3.1.1 (R Development Core Team) using the lme4 package for the 227 
GLMMs (Bates et al. 2014). All models were fitted with Poisson and negative binomial error distributions and 228 
were tested for overdispersion. In all cases negative binomial error structures were the most appropriate and 229 
final models were not overdispersed. Final models were compared by ANOVA with a null model containing the 230 
same random factor to test for significance. 231 
 232 
Differences in the total number of bee and plant species and total floral abundance recorded between 233 
different farm types were analysed using GLMMs with management type as a fixed factor. Sampling year was 234 
included as a random factor to take account of the temporal data structure and differences in sampling 235 
methods. The abundance analysis used the 2013-2014 data and the species richness analysis used the 2013-236 
2015 data. The impact of plant species richness on bee species richness (including Apis, Bombus and 237 
kleptoparastic bee species) and oligolectic solitary bee species richness was analysed using GLMMs with plant 238 
species richness as a fixed factor and sampling year as a random factor. This analysis used the 2013-2015 239 
species richness data.  240 
 241 
The impact of plant species richness on the number of pollen species detected in bee pollen loads was 242 
analysed using a GLMM with plant species richness as a fixed factor and sampling round (April/May, May/June, 243 
June/July and July/August) as a random factor. The number of pollen species detected in bee pollen loads was 244 
also calculated for the seven most common polylectic bee species for which a total of 30 pollen loads had been 245 
collected from each species, representing the majority of the pollen load data (759 of 1054 samples, Andrena 246 
chrysosceles, A. flavipes, A. haemorrhoa, A. semilaevis, Lasioglossum calceatum, L. malachurum and L. 247 
pauxillum). The number of species detected in pollen loads was summed over the year for each species to 248 
reduce temporal variation. Farms where Ŷo saŵples of a speĐies ǁere takeŶ ǁere eǆĐluded froŵ that speĐies͛ 249 
analysis, as the species may have been absent from the sample for reasons other than floristic composition, 250 
e.g. nesting site availability, low detection rate etc. The relationship between plant species richness and the 251 
number of pollen species collected by polylectic bee species was analysed using a GLMM with plant species 252 
richness as a fixed factor and bee species as a random factor. Both these analyses used the 2015 microscopic 253 
pollen load analysis data.  254 
 255 
The proportion of sown flowers relative to total flowers was calculated for each farm over the 2013-2014 256 
period. The proportion of observed solitary bee pollen visits to sown flowers and the proportion of solitary bee 257 
species visiting sown flowers for pollen was also calculated over the 2013-2014 period. The impact of the 258 
proportion of sown flowers on the proportion of observed solitary bee pollen visits and the proportion of 259 
solitary bee species visiting sown floǁers ǁas aŶalǇsed usiŶg SpearŵaŶ͛s raŶk ĐorrelatioŶ tests, as iŶ eaĐh Đase 260 
the response variable could not be transformed to normality.  261 
 262 
Differences in the proportion of pollen collected from different plant types were analysed using binomial tests. 263 
For the observational data, the proportion of pollen visits to sown and wild plants was calculated for each 264 
sampling round across all years for both farm types. For the pollen load data, a third category of crop plant 265 
data was included. A number of pollen loads contained Brassica type pollen, most of which is highly likely to 266 
have come from the crop plant oilseed rape Brassica napus. No wild Brassica species such as B. nigra  were 267 
recorded during floristic surveys with the only other source being small areas of B. rapa that is sometimes 268 
sown as part of conservation management for birds. As a result, we are confident that the majority of the 269 
Brassica type pollen originated from crop plants and so this was excluded from the comparison between sown 270 
and wild plant pollen use. As the pollen load data is non-integer (with variably full pollen loads with mixed 271 
species composition), the proportion of each pollen type was used to calculate an appropriate value from the 272 
number of collected samples, i.e. where 173 bees were collected with pollen loads in total comprised of 9.7% 273 
pollen from sown plants and 90.3% pollen from wild plants by volume this was calculated as 17 samples from 274 
sown plants and 156 samples from wild plants. These calculated values were used in the binomial tests.  275 
 276 
Results 277 
 278 
A total of 105 species of bee was recorded over the survey period. This comprised the honey bee Apis 279 
mellifera, 15 species of bumblebee Bombus (including five parasitic Psithyrus spp.), 72 species of solitary bee 280 
and 17 species of parasitic bee (see Appendix S4). There was no difference in the total number of bee species 281 
recorded on each farm type in each year (mean HLS 23.2±2.4, mean ELS 21.5±2.1, χ2=0.6, p=0.418). A total of 282 
9.69 million flowering units was recorded on the transects in 2013-2014. Floral abundance was significantly 283 
greater on HLS farms than on ELS farms in each year (mean HLS 501,758±74,397 flowering units, mean ELS 284 
97,530±22,703 flowering units, χ2=32.6, p<0.001). A total of 6.24 million flowering units of plant species 285 
characterised as sown was recorded on the transects in 2013-2014. Sown floral abundance was more than ten 286 
times higher on HLS farms than on ELS farms in each year (mean HLS 354,271±71,761, mean ELS 287 
33,579±12,739, χ2=23.0, p<0.001, see Appendix S1). A total of 291 species of flowering plants was recorded 288 
over the survey period. There was no difference in the total number of plant species recorded on each farm 289 
type in each year (mean HLS 75.2±4.2, mean ELS 68.8±3.1, χ2=1.9, p=0.171).  290 
 291 
Fifty-six species of solitary bee were observed making 1,416 pollen foraging trips. Across all farms, as the 292 
proportion of sown plants increased, so the proportion of observed pollen foraging visits to sown plants 293 
increased as ǁell ;SpearŵaŶ͛s rho=Ϭ.9ϮϬ, p<Ϭ.ϬϬϭ, Figure ϭͿ. Hoǁeǀer, the proportion of pollen collected by 294 
solitary bees from sown plants varied greatly throughout the year and between farm types. In late April/early 295 
May no pollen visits to sown plants were observed on either farm type (Figure 2a, b). In late May/early June 296 
the proportion of observed pollen visits to sown plants was similarly low on both ELS and HLS farms (HLS 297 
13.1%, ELS 9.4%, χ2=0.83, p=0.364, Figure 2a, b). In late June/early July the proportion of observed pollen visits 298 
to sown plants increased to 60.1% of visits on HLS farms compared to 18.5% of visits on ELS farms, a 299 
significantly higher proportioŶ ;χ2=113.92, p<0.001, Figure 2a, b). In late July/early August the proportion of 300 
pollen visits to sown plants decreased on both farm types, though it was still significantly greater on HLS farms 301 
(HLS 21.1%, ELS 10.1%, χ2=4.5, p=0.033, Figure 2a, b).  302 
 303 
A similar trend was observed in the analysis of collected pollen samples. One thousand and fifty-four individual 304 
bees with pollen loads from 47 bee species were collected for microscopic pollen analysis. Excluding oilseed 305 
rape type (Brassica type) pollen from the analysis, no pollen was collected from sown plants in late April/early 306 
May. In late May/early June the proportion of pollen collected from sown plants was similarly low (ELS 15.4%, 307 
HLS 10.6%, χ2=1.2, p=0.283, Figure 2c, d). In late June/early July the proportion of pollen collected from sown 308 
plants increased to 47.4% on HLS farms compared to 16.5% on ELS farms, a significantly higher proportion 309 
;χ2=46.2, p<0.001, Figure 2c, d). In late July/early August the proportion of pollen collected from sown plants 310 
decreased to a similar level on both HLS and ELS farms (ELS 18.3, HLS, 21.1, χ2=0.1, p=0.824, Figure 2c, d). 311 
 312 
Across all farms, as the proportion of sown plants increased the proportion of solitary bee species present 313 
observed making pollen foraging trips to sown plants iŶĐreased as ǁell ;SpearŵaŶ͛s rho=Ϭ.7ϰϯ, p<Ϭ.ϬϬϭ, 314 
Figure 3). However, at best only 46.2% of solitary bee species were observed visiting sown plants for pollen. 315 
Over the whole survey period, bee species richness was significantly associated with plant species richness 316 
;χ2=33.7, p<0.001, Figure 4). A total of 16 oligolectic bee species was recorded following Westrich (1989), and 317 
oligoleĐtiĐ ďee speĐies riĐhŶess ǁas also sigŶifiĐaŶtlǇ assoĐiated ǁith plaŶt speĐies riĐhŶess ;χ2=10.0, p=0.002). 318 
The number of species of pollen detected in pollen loads on each farm was significantly associated with the 319 
number of flowering plants recorded on the transects, with this effect consistent over the survey period 320 
;χ2=16.8, p<0.001, Figure 5). However, for the seven most common polylectic bee species representing the 321 
bulk of the pollen load data (759 out of 1054 samples) there was no significant relationship between diet 322 
breadth and oďserǀed plaŶt speĐies riĐhŶess ;χ2=0.7, p=0.416), suggesting that the relationship is instead 323 
driven by the addition of more specialised bees to the community in floristically richer environments that 324 
collect pollen from a different suite of host plants. 325 
 326 
Over the whole survey period, pollen collected from sown plants by solitary bees represented only 27.0% of 327 
pollen visitation observations and 23.3% of pollen collected by volume. The most popular sown plants were 328 
Leucanthemum vulgare, Centaurea nigra and Daucus carota (Table 1). Of the 72 species of solitary bee only 31 329 
species had five analysed pollen loads or five observed pollen visits. Of these, 14 species collected at least 10% 330 
of their pollen from sown plants (Table 2) with 17 species collecting a lower proportion than this. Of the 41 331 
species with fewer than five analysed loads or five observed visits, 11 were observed visiting, or their pollen 332 
loads contained pollen from, sown plants (Andrena wilkella, Hylaeus brevicornis, H. cornutus, H. dilatatus, 333 
Lasioglossum albipes, L. smeathmenellum, Megachile centuncularis, M. versicolor, M. willughbiella, Osmia 334 
leaiana and O. spinulosa). This list includes Hylaeus species which lack scopal hairs on their body, making 335 
accurate determination of pollen visits impossible in the field. However, all British species with the exception 336 
of Hylaeus signatus are known to be polylectic (Westrich 1989), and so any observed visits to sown plants were 337 
included in this list, but not included in the main pollen visitation analysis. Five species were only recorded in 338 
the male sex and there was no evidence that females of the final 25 species visited sown plants for pollen. This 339 
most liberal estimate of 25 out of 72 solitary bee species (34.7%) likely to be using sown plants to a greater or 340 
lesser extent is similar to the overall observed proportion of pollen collected from sown plants. 341 
 342 
Discussion 343 
 344 
Our results show that, as expected, increasing resource availability through the creation of flower-rich habitat 345 
increased both the utilisation rates of sown plants for pollen by solitary bees and the proportion of solitary bee 346 
species utilising sown plants for pollen. These findings are in line with studies that have found that sown 347 
resources can provide improved resources for wild bees in enhanced areas (Knop et al. 2006; Kohler et al. 348 
2007; Pywell et al. 2011; Scheper et al. 2015). However, whilst utilisation rates of sown flowers were higher in 349 
areas in which they were abundant, the proportion of solitary bee species utilising sown plants for pollen was 350 
always a minority, even in areas where sown resources represented the vast majority of available forage. It is 351 
important to note that this study was conducted in a study region in which the landscape is composed of 21-352 
22% semi-natural habitat (Wood et al. 2015b). This is considerably more than areas of conventional farmland 353 
in many developed European countries which often contain between 5-10% semi-natural habitat (e.g. 354 
Westphal et al. 2003; Herrmann et al. 2007). As such, the relatively high bee diversity and low sown resource 355 
utilisation may reflect the less intensified nature of this area, and more studies of a similar nature should be 356 
conducted in more intensified landscapes.  357 
 358 
The most important sown plants for solitary bees were Leucanthemum vulgare, Centaurea nigra and Daucus 359 
carota. The former two were widely used by polylectic Lasioglossum species with D. carota an important 360 
pollen source for scarce late summer species such as Andrena alfkenella and A. minutuloides. Plants from the 361 
family Fabaceae are often a major component of pollinator-focused agri-environment schemes, since many 362 
schemes were designed primarily to provide resources for threatened bumblebees that show close association 363 
with members of the Fabaceae (Edwards 2003; Goulson et al. 2005). These schemes can have significantly 364 
positive effects on the size of bumblebee populations on farmland (Carvell et al. 2015; Wood et al. 2015a), and 365 
whilst some threatened solitary bee species are dependent on Fabaceae (i.e. Eucera longicornis, Westrich 366 
1989, not recorded in this study), overall use of Fabaceae as a pollen source by solitary bees was very low at 367 
2.3% of pollen visitation observations and 3.0% of pollen collected by volume.   368 
 369 
In contrast, an important pollen source for solitary bees in the spring was the genus Brassica. This 370 
predominantly comprises oilseed rape (Brassica napus), a major crop in England. Brassica species are also 371 
sometimes included in wild bird focused agri-environment schemes to provide winter seeds, but the area 372 
under this form of management is dwarfed by the area cropped with oilseed rape. Brassica type pollen was 373 
collected by 12 species of Andrena, in particular A. scotica (40.2% of total pollen collected by volume), A. 374 
haemorrhoa (23.1%), A. minutula (20.2%), A. nitida (19.1%), A. cineraria (15.7%) and A. subopaca (14.2%). 375 
Mass flowering crops, in particular oilseed rape, have been associated with higher densities of foraging 376 
bumblebees, larger bumblebee colonies and larger numbers of bumblebee colonies in agricultural 377 
environments, due to increased resources availability during early colony development (Westphal et al. 2003; 378 
Herrmann et al. 2007; Wood et al. 2015b). However, oilseed rape is widely treated with pesticides including 379 
neonicotinoids that have been linked to bee declines around the world (see Goulson et al. 2015). There are 380 
few field studies of impacts on solitary bees, but one study found reduced numbers of solitary bees foraging 381 
on neonicotinoid-treated oilseed rape and neighbouring field margins compared to controls, and also reduced 382 
occupancy of nest holes by Osmia bicornis (Rundlöf et al. 2015), so the net benefits of this mass flowering crop 383 
for solitary bees may depend upon its wider agricultural management.  384 
 385 
The area of land cropped with oilseed rape in the UK has increased markedly in the past 30 years, from 386 
269,000 ha in 1984 to a peak of 756,000 ha in 2012, driven mainly by rising commodity prices and demand for 387 
biofuels (Defra 2015). This increased availability of pollen and nectar resources during the period before agri-388 
environment schemes begin to flower may partly explain positive trends in some spring Andrena species in the 389 
UK. Widespread in the north and the west of the UK, A. cineraria had been scarce in the south of England until 390 
the 1990s when it markedly expanded its range (Baldock 2008). In addition, a number of scarce and 391 
threatened parasitic insects use spring flying mining bees such as A. cineraria as a host, specifically the oil 392 
beetle Meloe proscarabaeus, the bee fly Bombylius discolor (Nationally Scarce), the parasitic bee Nomada 393 
lathburiana (Red Data Book 3) and the conopid fly Myopa pellucida (Red Data Book 3). National recording 394 
efforts and county atlases show that these species have all increased in range and frequency since the 1990s, 395 
particularly in the south east of England (M. Edwards pers. comm., Baldock 2008; Baldock and Early 2015), with 396 
the latter three species being recorded during this study.  397 
 398 
Oilseed rape is an increasingly widely grown crop across much of the world and is the most important insect 399 
pollinated crop in arable areas of England. Whilst it can be wind pollinated, insect pollination increases seed 400 
yield, quality and market value (Bommarco et al. 2012). Solitary bees from the genera Andrena, Osmia and 401 
Lasioglossum are more efficient pollinators of oilseed rape than bumblebees and honeybees in Britain 402 
(Woodcock et al. 2013). However, current pollinator-focused schemes are dominated by herbaceous grassland 403 
plants which produce their peak flower abundance in July and August. These options provide low to non-404 
existent resources in the spring, with none of the univoltine spring flying Andrena collecting more than 10% of 405 
their pollen from sown plants. Instead, visits to plants associated with woodland, hedgerow, grassland and 406 
arable weed habitats predominated. However, increasing floral abundance in the late summer is important, as 407 
pollen demand for larval rearing by social bumblebees is at its highest at this point (Dicks et al. 2015). 408 
Identifying bee species that are resource limited on farmland is an important part of targeted agri-409 
environmental management, and it has been argued that current agricultural landscapes are particularly 410 
flower poor in the summer (Holland et al. 2015), with availability of suitable forage decreasing through the 411 
season (Scheper et al. 2014). The creation of 2% of predominantly summer flowering flower-rich habitat by 412 
farm area is sufficient to consistently supply a suite of common farmland bumblebee species with enough 413 
pollen to raise their larvae throughout the season (Dicks et al. 2015).  414 
 415 
Current seed mixes biased towards summer flowering plants may consequently be an appropriate focus, but a 416 
change in composition to include more attractive species that flower in May and early June would support a 417 
greater variety of bee species, including important crop pollinators. Conservation management that takes land 418 
out of production can both benefit biodiversity and increase agricultural yields, essentially making the 419 
intervention economically neutral (Pywell et al. 2015). However, as the majority of pollination is carried out by 420 
the most abundant bee species in any location, usually representing a small fraction of the total number of 421 
species present, a purely economic argument is insufficient to justify conserving bee diversity in general (Kleijn 422 
et al. 2015). In addition to bees being a valid conservation target in their own right, it has been argued that 423 
maintaining pollinator species diversity is crucial for providing ecosystem resilience in the face of future 424 
environmental change (Senapathi et al. 2015). Bee communities are strongly structured by, and associated 425 
with, plant species diversity (Tscharntke et al. 1998; Potts et al. 2003; Batáry et al. 2010), and so management 426 
that does not increase plant species diversity at the farm level is unlikely to increase bee diversity either, no 427 
matter the total increase in resource availability. Increasing the diversity of plants species included in wild seed 428 
mixes is likely to increase their efficacy (Scheper et al. 2015), and the inclusion of grassland species such as 429 
Taraxacum agg., Hypochaeris radicata and Ranunculus repens would provide resources for a wider variety of 430 
species. However, hedgerow plants such as Heracleum sphondylium, Chaerophyllum temulum and Alliaria 431 
petiolata and arable plants such as Sinapis arvensis, Sisymbrium officinale and Tripleurospermum inodorum are 432 
also popular, and their management relies on wider farmland management such as herbicide and hedge 433 
cutting regimes. Agri-environment schemes promoting improved hedgerow management and various 434 
uncropped or unharvested headlands for arable plants currently exist, but their ability to increase the 435 
abundance and diversity of pollen sources for solitary bees is poorly studied. These and similar schemes should 436 
be trialled as complementary methods to benefit solitary bee populations on farmland.  437 
 438 
Conclusions 439 
 440 
Current pollinator-focused agri-environment management can increase floral abundance and provide pollen 441 
resources for a limited suite of farmland bee species. However, in our study the majority of solitary bee species 442 
foraged from other plants persisting in the wider farm environment. As a taxa almost entirely dependent upon 443 
flowering plants for food, an association between bee species richness and flowering plant richness is to be 444 
expected. As the addition of flower-rich schemes as part of pollinator-friendly management did not 445 
significantly increase flowering plant richness at the farm scale, it should not be surprising that bee species 446 
richness was also not significantly different at this level. Management that increases resource availability is 447 
important, but our results suggest that techniques that increase floristic richness at the farm scale are 448 
necessary if we wish to conserve a richer bee community on farmland.  449 
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Table 1. Most important pollen forage plants for solitary bees at different times of the year from field observations and pollen analysis. Plant species sown 
as part of agri-environment management are marked in bold. Sampling round one, late April/early May; sampling round two, late May/early June; sampling 
round three, late June/early July; sampling round four, late July/early August 
 
Observations (2013-2015)        
Round one % of visits Round two % of visits Round three % of visits Round four % of visits 
Taraxacum agg. 66.89 Chaerophyllum temulum 19.37 Tripleurospermum inodorum 26.67 Pulicaria dysenterica 17.36 
Sinapis arvensis 11.49 Heracelum sphondylium 14.25 Centaurea nigra 23.26 Senecio jacobea 12.81 
Brassica rapa 10.14 Crataegus monogyna 9.69 Leucanthemum vulgare 16.15 Odontites vernus 11.98 
Crataegus monogyna 4.05 Leucanthemum vulgare 7.69 Heracelum sphondylium 7.26 Daucus carota 11.16 
Anthriscus sylvestris 2.70 Tripleurospermum inodorum 7.41 Hypochaeris radicata 5.19 Heracleum sphondylium 9.92 
Alliaria petiolata 2.03 Hypochaeris radicata 7.12 Bryonia dioica 3.85 Rubus fruticosus agg. 9.09 
Bellis perennis 0.68 Sisymbrium officinale 4.84 Crepis capillaris 3.70 Tripleurospermum inodorum 8.26 
Hyacinthoides non-scripta 0.68 Ranunculus repens 4.56 Chaerophyllum temulum 1.63 Picris hieracioides 5.79 
Lamium album 0.68 Oenanthe crocata 3.99 Achillea millefolium 1.48 Hypochaeris radicata 1.65 
Prunus spinosa 0.68 Crepis vesicaria 2.85 Trifolium repens 1.04 Centaurea nigra 1.65 
Pollen analysis (2015 only)        
Round one % of pollen Round two % of pollen Round three % of pollen Round four % of pollen 
Brassica spp. 31.22 Heracleum sphondylium 11.17 Tripleurospermum inodorum 27.52 Senecio jacobea 21.66 
Taraxacum agg. 29.84 Chaerophyllum temulum 9.66 Leucanthemum vulgare 14.62 Rubus fruticosus agg. 17.52 
Alliaria petiolata 13.41 Sisymbrium officinale 8.04 Centaurea nigra 12.53 Daucus carota 12.55 
Sinapis arvensis 9.78 Crataegus monogyna 8.00 Rubus fruticosus agg. 4.50 Pulicaria dysenterica 11.58 
Bellis perennis 3.48 Tripleurospermum inodorum 7.90 Heracleum sphondylium 4.43 Heracleum sphondylium 7.43 
Acer campestre 3.07 Leucanthemum vulgare  6.06 Sisymbrium officinale 3.17 Tripleurospermum inodorum 6.03 
Hyacinthoides non-scripta 1.79 Hypochaeris radicata 5.88 Brassica spp. 3.10 Centaurea nigra 4.11 
Lamium album 1.36 Brassica spp. 5.19 Sonchus arvensis 3.06 Odontites vernus 3.74 
Glechoma hederacea 1.28 Oenanthe crocata 4.35 Bryonia dioica 2.23 Trifolium hybridum 2.21 
Crataegus monogyna 1.19 Crepis vesicaria 3.60 Ranunculus repens 2.18 Trifolium repens 2.07 
Table 2. Solitary bee species potentially benefiting from plant species sown as part of agri-environment schemes. Selected species had a minimum of five 
analysed pollen loads or five observed pollen foraging visits and collected a minimum of 10% of their pollen from sown plant species in either category. n p, 
total number of pollen loads; n obs, total number of pollen foraging observations. * data only available for summer generation females 
 
   Utilisation of sown plants   
Species n p n obs % of pollen 
collected 
% of observed 
pollen visits 
Important sown pollen sources (pollen analysis) Important sown pollen sources (observations) 
Andrena alfkenella* 6 10 78.6 90.0 Daucus carota (78.6) Daucus carota (90.0) 
Andrena flavipes 45 70 17.7 17.1 Centaurea nigra (8.9), Trifolium hybridum (5.2), Leucanthemum vulgare (3.4) Leucanthemum vulgare (7.1), Centaurea nigra (4.3), Trifolium hybridum (2.9), 
Trifolium pratense (2.9) 
Andrena minutula 15 30 19.8 26.7 Daucus carota (19.8) Daucus carota (20.0), Centaurea nigra (3.3), Sonchus arvensis (3.3) 
Andrena minutuloides* 8 10 85.0 70.0 Daucus carota (85.0) Daucus carota (70.0) 
Colletes daviesanus 2 5 100.0 40.0 Achillea millefolium (100.0) Achillea millefolium (40.0) 
Halictus tumulorum 21 23 46.5 34.8 Ranunculus acris (20.2), Leucanthemum vulgare (10.8), Trifolium pratense (6.2), 
Medicago lupulina (3.7), Centaurea nigra (3.7), Silene dioica (1.9) 
Leucanthemum vulgare (17.4), Ranunculus acris (4.3), Centaurea nigra (4.3), 
Medicago lupulina (4.3), Trifolium pratense (4.3) 
Lasioglossum calceatum 38 70 13.2 21.4 Leucanthemum vulgare (7.7), Centaurea scabiosa (3.0), Phacelia tanacetifolia (1.8), 
Knautia arvensis (0.6) 
Leucanthemum vulgare (11.4), Knautia arvensis (2.9), Leontodon hispidus (2.9), 
Centaurea nigra (1.4), Centaurea scabiosa (1.4), Phacelia tanacetifolia (1.4) 
Lasioglossum leucozonium 21 51 12.8 3.9 Leontodon hispidus (8.9), Centaurea nigra (4.0) Leontodon hispidus (3.9) 
Lasioglossum malachurum 437 553 32.1 47.2 Leucanthemum vulgare (14.8), Centaurea niga (12.0), Plantago spp (1.5), Phacelia 
tanacetifolia (0.9), Melilotus officinalis (0.9), Achillea millefolium (0.7), others (1.2) 
Centaurea nigra (26.8), Leucanthemum vulgare (17.7), Achillea millefolium (1.3), 
Phacelia tanacetifolia (0.5), others (0.9) 
Lasioglossum pauxillum 70 93 19.5 15.1 Leucanthemum vulgare (14.1), Centaurea nigra (2.7), Daucus carota (1.1), Plantago 
spp (0.8), other (0.8) 
Leucanthemum vulgare (11.8), Centaurea nigra (1.1), Leontodon hispidus (1.1), 
Daucus carota (1.1) 
Lasioglossum puncticolle 2 8 100.0 37.5 Centaurea nigra (100.0) Centaurea nigra (37.5) 
Lasioglossum villosulum 25 32 34.8 21.9 Leontodon hispidus (34.8) Leontodon hispidus (18.8), Sonchus arvensis (3.1) 
Lasioglossum xanthopus 7 8 67.9 100.0 Leucanthemum vulgare (67.9) Leucanthemum vulgare (100.0) 
Lasioglossum zonulum 4 7 33.4 14.3 Centaurea nigra (20.6), Silene dioica (12.9) Centaurea nigra (14.3) 
 
 
 
 
 
 
 Figure 1. Relationship between availability of flowering units of plant species sown as part of 
pollinator friendly management and their observed utilisation for pollen by solitary bees on surveyed 
farms.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2. Proportion of pollen collected by solitary bees from a) observed pollen foraging trips on ELS 
farms, b) observed pollen foraging trips on HLS farms, c) pollen load analysis from ELS farms and d) 
pollen load analysis from HLS farms. Triangles = plant species sown as part of agri-environment 
management, squares = wild plant species and circles = crop plant species (Brassica spp). Sampling 
round one, late April/early May; sampling round two, late May/early June; sampling round three, 
late June/early July; sampling round four, late July/early August 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3. Relationship between availability of sown floral resources and the proportion of solitary 
bee species utilising them for pollen on surveyed farms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4. Relationship between plant species richness and bee species richness on surveyed farms. 
Squares = 2013, triangles = 2014, circles = 2015. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5. Relationship between plant species richness and the species richness of pollens detected in 
bee pollen loads on surveyed farms across the season. Open circles = late April/early May; open 
squares = late May/early June; closed circles = late June/early July; closed triangles = late July/early 
August. 
